The objective was to measure the change in shape of the aging human crystalline eye lens in vivo during accommodation. Scheimpflug images were made of 65 subjects between 16 and 51 years of age, who were able to accommodate at least 1 D. The Scheimpflug images were corrected for distortion due to the geometry of the camera and the refraction of the cornea and anterior lens surface, which is necessary to determine the real shape of the lens. To ensure accurate correction for the refraction of the anterior lens surface, the refractive index of the crystalline lens must be determined. Therefore, axial length was also measured, which made it possible to calculate the equivalent refractive index of the lens and possible changes in this index during accommodation.
Introduction
During accommodation, the human eye changes its power by altering the shape of the crystalline lens, but the exact nature of this change is not entirely clear. Two facts are universally agreed on. Firstly, with accommodation the lens becomes thicker, while the depth of the anterior chamber decreases. Secondly, the radius of the anterior and posterior lens surface becomes smaller, i.e. the lens becomes more convex. Reliable quantitative experimental data, especially on the changes in the anterior and posterior lens radius, are scarce. Using phakometry, i.e. photography of the Purkinje images, Fincham (1937) was able to calculate the changes in curvature and position of the lens surfaces of two 19 year-old subjects. More recently, the same technique combined with ultrasonography was used by Garner and Yap to measure 11 subjects aged 18-28 years (Garner & Yap, 1997) . Using phakometry, it is, however, not possible to measure the asphericity of the lens surfaces. A more suitable method to measure the shape of the lens with accommodation is Scheimpflug photography. Using this method, two qualitative experiments on accommodation have been performed. Firstly, Brown (1973) including the central and peripheral radius of the anterior and posterior lens surface, the anterior chamber depth and the lens thickness. Secondly, Kaufman (1997, 2002 ) measured the accommodative changes in shape of the lens in a large group (n = 82) aged 18-70 years. One of the objectives of the last study was to determine the potential age dependency of the change in lens shape, and to evaluate this change in relation to the development of presbyopia. However, to obtain reliable results using Scheimpflug photography, the Scheimpflug images must be corrected for two types of distortion (Kampfer, Wegener, Dragomirescu, & Hockwin, 1989; Richards, Russell, & Anderson, 1988) . The first type of distortion is due to the geometry of the Scheimpflug imaging system, and can easily be corrected (Ray, 1995) . The second type of distortion arises because the measurements of the elements of the anterior eye segment are made through the optical surfaces preceding those being measured. Thus, the measurement of the anterior lens surface has been influenced by the refraction of the cornea, and the measurement of the posterior lens surface has additionally been influenced by the anterior lens surface and the refracting elements within the lens. This second type of distortion is not constant, but particularly depends on the shape of the cornea, the anterior chamber depth and the shape of the lens. Especially these last two parameters change with accommodation and age Dubbelman, Van der Heijde, & Weeber, 2001) , and as a result individual correction for both types of distortion is necessary to determine the change of the shape of the lens with accommodation. Yet, it is this second type of distortion for which Brown (1973) and Koretz et al. (1997 Koretz et al. ( , 2002 did not correct their Scheimpflug images (Koretz, Kaufman, Neider, & Goeckner, 1989 ).
An accurate description of the changes in the lens during accommodation is needed to be able to understand the accommodation mechanism, and consequently the origin of presbyopia. Furthermore, the corrected data could be used to increase understanding of the optical properties of the lens and to validate the widely used schematic eye models incorporating accommodation. Therefore, the present study was conducted to measure the change in shape of the lens during accommodation. For that purpose, digital Scheimpflug images were made of subjects of various ages and individual ray tracing was applied to correct the images for both types of distortion. To ensure accurate correction for the refraction of the anterior lens surface, the refractive index of the crystalline lens must be determined. Therefore, axial length was also measured, which made it possible to calculate the equivalent refractive index of the lens and possible changes in this index during accommodation. Furthermore, the elaborate digital analysis made it possible to characterize the change in asphericity of the lens surfaces during accommodation. This last parameter is especially important, because of the growing interest in measurement of the aberrations of the human eye using wavefront sensing (Smith, Cox, Calver, & Garner, 2001 ).
Methods
The sample population, the setup of the Scheimpflug camera and the necessary correction of the Scheimpflug images have been described previously in detail . Scheimpflug images were made of the right eye of 102 subjects in an age range between 16 and 65 years, who had no ocular abnormalities, diabetes mellitus, cataract or prior ocular surgery. Experiments were performed with the understanding and written consent of each subject.
The right pupil was dilated with two drops of 5% phenylephrine HCl, after which the refractive error and astigmatism in the central zone of each eye was measured with a Topcon KR-3500 autokerato-refractometer. Subjects with astigmatism larger than 1.5 diopter were excluded. To determine peripheral astigmatism and check the cornea for irregularities, a cornea topogram of the right eye was made with the Keratron corneal analyzer (Optikon 2000) . Images of the anterior segment of the unaccommodated right eye were made with the Nidek Eas-1000 Scheimpflug camera (Sakamoto & Sasaki, 1994; Sakamoto, Sasaki, Nakamura, & Watanabe, 1992; Sasaki, Sakamoto, Shibata, & Emori, 1990) , which was equipped with a black and white CCD camera. The subject was seated with the head in upright position, and the slit beam of the Scheimpflug was vertically oriented.
The left eye was used to focus an accommodation stimulus, while the right eye was photographed. The accommodation stimulus was an illuminated black Maltese star (diameter: 5 cm), which was located 1m from the left eye. The increasing spatial frequency towards the middle of this star makes the subject focus on the center of the star, which ensures a stable gaze direction. To obtain the unaccommodated state of the eye, a + 1 D lens and the refractive correction were placed in a lens holder directly in front of the left eye. Subjects wearing contact lenses kept the left lens in. Before the subject fixated the accommodation target, he concentrated first with the right eye upon the fixation light in the Scheimpflug camera to align the slit of the camera along the optical axis of the right eye. Under infrared light, the cornea and limbus of the right eye were imaged on a monitor screen and alignment was achieved by positioning the corneal reflex into the center of the pupil. If the pupil was eccentric, the limbus center was used, which is a reliable marker for ocular alignment (Barry & Backes, 1997) . Subsequently, the subject fixated with the left eye on the accommodation stimulus, the position of which can be adjusted horizontally and vertically by remote control until the subject reports that the fixation light is superimposed on the center of the Maltese star. When the subject indicated that the Maltese star was clearly focused, a Scheimpflug image of the right eye was made. The +1 D lens was then removed, and the subject had to accommodate 1 D with the left eye, before an image was made. After that the subject had to try to maintain focus on the Maltese star, while negative lenses in steps of À1 D were placed before the left eye, starting with À1 D until the subject indicated that it was no longer possible to focus sharply on the star. Each time, the front surface of the cornea was imaged real time on the monitor screen and convergence was corrected by changing the lateral position of the Maltese star, until the corneal reflex returned to the center of the pupil. Because of limited movement of the Maltese star, it was not possible to correct for convergence for accommodation levels higher than 8 D and consequently, higher accommodation levels were not measured. As the pupil constricts with accommodation, it was sometimes not possible to determine the radius of the posterior lens surface or even the lens thickness. In subjects whose posterior lens surface was clearly visible on the Scheimpflug images, axial length was measured with the IOL Master Ò Zeiss, which is based on partial coherence interferometry (Drexler et al., 1998) . This made it possible to calculate the equivalent refractive index of the lens, which was needed to correct for the refraction of the lens itself (Appendix A).
The edges of the intraocular surfaces were determined with subpixel precision . It was assumed that each intraocular surface was rotationally symmetric and could be described by a conic of revolution ( Fig. 1) with the optical axis chosen along the y-axis (Howcroft & Parker, 1977; Malacara, 1988) . The conic constant k in the formula shown in Fig. 1 determines the asphericity as follows It must be noted that the parameter c in the formula shown in Fig. 1 is the curvature at the vertex and cannot be regarded as identical to the reciprocal of the radius of the central zone. Therefore, a spherical fit was also made through the 3 mm zone of each surface to obtain the radius (R) of the central or optical zone, which is most important for vision. The results of the accommodative changes in this radius of the 3 mm zone will be reported in the present study. Nevertheless, the curvature at the vertex (c) can be calculated using the conic constant (k) and the radius of the 3 mm zone (R). Simulations made it clear that the curvature at the vertex (c) could be well approximated by the following relation: c ¼ 1=ðRþð0:00053ÃR 2 À0:0162 ÃRþ0:1585ÞÃðk À1ÞÞ ð1Þ
Using this experimentally derived relation, the relative error in the calculated c is less than 0.3% (average: 0.1%) for the range between 2 and À10 for k, and 6 mm and 14 mm for R. Using ray tracing through aspherical surfaces, each Scheimpflug image was corrected for the distortion due to the geometry of the Scheimpflug imaging system and the refraction of the cornea and lens (Appendix B). This method has been validated by measuring an artificial eye and pseudophakic patients with intraocular lenses of known dimensions .
The accommodative state of the right eye was not measured objectively and the problem then is to determine the accommodative amplitude, as it is a well known phenomenon that subjects tend to overestimate their ability to focus near objects. To avoid the analysis of Scheimpflug images of accommodation levels beyond a subjectÕs accommodation range, the following criterion was applied. It was assumed that during accommodation the most pronounced changes occur in the anterior chamber depth, the anterior lens radius and the lens thickness. Therefore, for every subject it was Hyperboloid: Ray-tracing was applied through the intra-ocular surfaces, which were described by a conic of revolution using the formula above, where c is the curvature at the vertex (x 0 , y 0 ) and k determines the asphericity of the surface. For a given curvature, the influence of the kvalue can be seen: as the k-value decreases, the curvature becomes increasingly flatter at the periphery.
necessary to select the Scheimpflug image that was taken during the highest possible accommodation and on which at least two of these three parameters changed significantly compared to the previous image taken at an accommodation level of 1 D lower. This previous Scheimpflug image was therefore the last image that was definitely taken at an accommodation level that fell within the subjectÕs accommodation range. Images taken at higher accommodation levels were eliminated. After applying this criterion, 65 subjects with an accommodation range of at least 1 D, ranging between 16 and 51 years of age (mean ± s.d.: 32 ± 9), could be studied. The mean spherical equivalent refractive error (ERE) was À1.4 D, and the group consisted of 31 myopes (ERE < À 0.5 D), 30 emmetropes (À0.5 D 6 ERE 6 + 0.5 D) and 4 hypermetropes (ERE > + 0.5 D). It was assumed that the accommodative state of the right eye equaled the accommodation stimulus placed before the left eye. Using the position and power of the different lenses placed in front of the eye, the accommodation stimulus was converted to the accommodation at the corneal plane (Rabbetts, 1998) .
For each subject, regression analysis was performed to find the slope and intercept of the best-fitting line for each variable as a function of accommodative amplitude. Because there is uncertainty in the data in both x and y values, orthogonal regression was applied (Press, Flannery, Teukolski, & Vetterling, 1994) . On the x-axis, the accommodation level of the unaccommodated state (0 D) was given an error of ±0.5 D, because of the uncertainty in the determination of the refractive error (±0.5 D), which might create an offset of the zero accommodation level. As this offset does not produce an error in the relative difference between the higher accommodation levels, these levels were given an error of ±0.25 D, because of possible errors due to not sharply focusing on the accommodation stimulus. It was assumed that the anterior and posterior lens radius errors were 0.3 and 0.2 mm, respectively ). The anterior chamber depth and lens thickness errors were estimated to be 0.025 and 0.04 mm, respectively. After determination of the individual amount of change per diopter for each variable, the possible age-dependence of these amounts was analysed. For example, the amount of change in the anterior chamber depth per diopter was determined for each subject, and it was subsequently determined whether this amount changed with age. Furthermore, it was determined whether the equivalent refractive index and the conic constant changed with accommodation. Because all parameters measured in this study are subject to different measurement errors, the weighted means, weighted standard deviations (s.d.) and weighted standard errors (SEM) will be presented (Bevington, 1969) . To avoid any misunderstanding about the meaning of an increase, or decrease in a radius of curvature, the radius of the anterior and posterior lens surface will both be considered as positive, although the radius of the latter is generally indicated by a negative value.
Results
As an example, the left panel of Fig. 2 shows a Scheimpflug image of an unaccommodated eye of a 29 yearold female, whereas the panel on the right shows the same eye accommodated to a 7.5 D stimulus level. The two pictures at the top show the uncorrected images, while the two pictures below show the same images, but corrected for both types of distortion. Note the difference in shape of the lens after correction, especially the more convex shape of the posterior lens surface. Fig. 3 shows the lens radii, the lens thickness and the anterior chamber depth of a subject at different stimulus accommodation levels. The characteristic changes that occur during accommodation can be seen: the decrease in the anterior and posterior lens radius, the shallowing of the anterior chamber depth and the thickening of the lens. The increase in lens thickness is greater than the decrease in the anterior chamber depth, which makes it clear that the posterior lens surface moves backwards, i.e. it recedes from the cornea. However, this posterior movement is smaller than the anterior movement of the anterior lens surface. Note that no significant changes occurred in the anterior eye segment at the highest accommodation level, although, according to the subject, the accommodation stimulus was still in focus. The criterion mentioned in the methods section was applied to determine the maximum stimulus level, which still induces significant changes in the anterior eye segment. The level for the subject in Fig. 3 is indicated by the arrows.
Radius and curvature of the 3 mm zone
For every subject the amount of change per diopter in the anterior and, if possible, the posterior radius was determined by orthogonal regression. The change in the anterior and posterior lens radius per diopter appeared not to change significantly with age. The mean change per diopter (±s.d.) was À0.61 (±0.15) mm/D and À0.13 (±0.06) mm/D for the anterior and posterior lens radius, respectively. There was, however, a highly significant relationship between the change in radius per diopter and the radius of the surfaces of the unaccommodated lens: the flatter the surface of the unaccommodated lens, the greater the change in the radius per diopter. Fig. 4 shows the change in the anterior The change in anterior chamber depth and lens thickness. Note that there is no significant change in radius, lens thickness, or anterior chamber at the highest accommodation level, which probably exceeds the subjectÕs accommodation range. See the text for further details. and posterior lens radius per diopter as a function of the radius of the unaccommodated lens. The latter can be obtained from the radius measured at the 0 D accommodation level, or from the intercept of the regression line at the 0 D accommodation level. These two values did not differ significantly, which makes it clear that the radius with accommodation can be well approximated by a linear function. This also appeared to be true for all other accommodation-dependent parameters analyzed in this study.
Another way of interpreting the change in radius of the lens surfaces is to examine the change in curvature of the 3 mm zone. The curvature is one divided by the radius, and this parameter has the advantage of being proportional to the power of the surface. Fig. 5 shows the change in curvature of the two lens surfaces of the same subject as in Fig. 3 . Analysis of all subjects made it clear that the change in curvature of the anterior and posterior lens surface per diopter of accommodation was independent of age and the curvature at the zero accommodation level. Thus, for every age and shape of the lens, the change in curvature per diopter of accommodation of the anterior and posterior lens surface appeared to be the same. The mean change per diopter of the curvature of the anterior and posterior lens surface (±s.d.) was 0.0067 mm À1 /D (±0.0014) and 0.0037 mm À1 /D (±0.0015), respectively. This makes clear that accommodative power changes due to the more convex shape of the lens are caused for approximately 64% by the anterior lens surface, and thus for 36% by the posterior lens surface. Fig. 6 shows the anterior and posterior radius of the maximally accommodated lens in vivo measured in the present study together with the results of two in vitro studies, in which the radii of isolated human lenses were measured. As in Fig. 3 , for each subject, the radius of the anterior and posterior lens as function of accommodation stimulus was plotted and the smallest radius was determined for both the anterior and posterior lens surface. These radii were considered to correspond to the The posterior lens radius. For some subjects, the experimental setup did not allow correction for the convergence during the highest accommodation levels. For those subjects, the radii of the maximally accommodated lens have been extrapolated, which is indicated by the lower error bars. The solid line represent a third order polynomial fit to the (extrapolated) data. Also indicated in the figures are the results of Howcroft and Parker (squares: mean and standard error) and Glasser and Campbell (dashed line) , who measured the radii of 60 and 19 pairs of isolated human lenses, respectively. maximally accommodated lens in vivo and were indicated by the circles in Fig. 6 . Due to convergence, especially in young subjects, the experimental setup did sometimes not allow the measurement of the highest accommodation levels. For those subjects, their accommodative amplitude was assumed to be 15 D À 0.25 D * age (Weale, 1992) . Combined with the mean change per diopter of the curvature of the anterior and posterior lens surface, the radii of the maximally accommodated lens could be extrapolated, which is indicated by the lower error bars. Compared to the anterior surface, extrapolation is more frequently needed for the posterior surface of the lens, because its radius could often not be measured at higher accommodation levels due to constriction of the pupil with accommodation. The solid line represent a third order polynomial fit to the (extrapolated) data. The squares indicate data from Howcroft and Parker (1977) , who measured the radii of the 60 pairs of human lenses. Their results were divided into age-groups and the error bars indicate the standard error of the mean of each group. Glasser and Campbell (1999) performed a polynomial fit through the anterior and posterior radius of 19 pairs of isolated lenses, which is indicated by the dotted line. The radii of the maximally accommodated lens calculated in the present study correspond well with the radii reported in the two studies measuring isolated lenses. Fig. 7 shows the age-dependency of the change in the anterior chamber depth (i.e. the movement of the anterior lens surface toward the cornea) during accommodation. With age, the forward movement of the anterior lens surface per diopter becomes significantly smaller ( p < 0.01). The age-dependence of the change in the lens thickness per diopter is indicated in Fig. 8 . With age, the change in thickness per diopter decreases, but this decrease is not significant. The change in thickness per diopter is also not significantly dependent on anterior or posterior lens radius or curvature. The mean change in lens thickness (±s.d.) is 0.045 (±0.012) mm/D. The change in anterior segment length, or the movement of the posterior lens surface with respect to the cornea during accommodation can be calculated by adding the change in the anterior chamber depth and the lens thickness per diopter. As the errors in these last two parameters are not independent, these errors are added together to determine the error in the calculation of the movement of the posterior lens surface per diopter. In Fig. 9 it can be seen that the amount of change per diopter in the anterior segment length is not age-dependent and the mean value (±s.d.) is: 0.0075 (±0.014) mm/ D. There is a large variation in this parameter, as indicated by the standard deviation.
Change in the intraocular distances during accommodation

Change in the conic constant during accommodation
The change in the conic constant with accommodation shows a large variation (see Fig. 10 for a typical subgroup). The uncertainty in the determination of the k-value varied from 0.5 to 2.5 and was due to the error associated with the fit. A more convex lens surface allows a more accurate determination of the k-value, which is the reason that the errors become smaller with accommodation. In general, the k-value decreases, which means that with accommodation, the anterior lens surface becomes more hyperbolic, The average change of the k-value per diopter was À0.5/D (±0.3 s.d) and no significant age-dependency could be demonstrated. There was, however, a significant relationship between the change of the k-value per diopter and the k-value of the anterior surface of the unaccommodated lens: the larger the k-value of the unaccommodated lens, the greater the decrease in the k-value per diopter. Fig.  11 shows the change in the k-value per diopter as a function of the k-value of the unaccommodated anterior lens surface. The latter can be obtained from the k-value measured at the 0 D accommodation level, or from the intercept of the regression line at the 0 D accommodation level. The two values did not significantly differ, so the k-value as function of accommodation stimulus can be well approximated by a linear function.
After combining the mean change in the conic constant and the curvature of the anterior lens surface, the average change in the anterior lens surface for 8 D accommodation could be shown in Fig. 12 . During accommodation the anterior lens surface becomes more curved and more hyperbolic, and moves towards the cornea. The peripheral part of the lens becomes flatter during accommodation. The dashed line represents the accommodated state if no change in the conic constant would occur. Note that for the central zone of the lens the solid and dashed line are almost identical. It was not possible to measure a significant change in the conic constant of the posterior lens surface. Firstly, because the change in this surface during accommodation is much smaller than the change in the anterior lens surface. Secondly, compared to the anterior lens surface, only a smaller part of the posterior lens surface can be seen, which becomes even smaller with accommodation, due to constriction of the pupil.
Change in the equivalent refractive index during accommodation
The equivalent refractive index of the lens (n3) was calculated by combining measurements of refractive error, intraocular distances and the radii of the cornea and lens (Appendix A), and it was investigated whether n3 changed with accommodation. If the corneal curvature, axial length and refractive error do not change with accommodation, it follows that the uncertainty of the value of n3 is caused by errors in the measurement of the shape and position of the lens. Calculation made it clear that in that case the major error arises from the determination of the anterior and posterior lens radius, with an uncertainty for all accommodation levels of 0.3 and 0.2 mm, respectively. As these errors are not independent, they were added together, which then makes it possible to determine n3 with an average error of 3 · 10 À3 + 2.15 · 10 À4 * Accommodation level (with accommodation the radii become smaller, resulting in an increase in the error). Orthogonal regression was performed through the values of n3 at different accommodation levels for all subjects for whom the radius of the 3 mm zone of the posterior lens could be measured. The slope of the regression line represented the change in the n3 per diopter. There appeared to be a significant increase in n3 during accommodation: mean (±s.d) = 0.0013/D (±0.0009), n = 37, p < 0.0001.
The most important results of this study are summarized in Table 1 .
Discussion
Corrected Scheimpflug imaging
This study presents for the first time, data on the shape of the lens during accommodation, which is also corrected for the corneal and lenticular refraction. This type of distortion is not constant, but is age-dependent because the shape and the refractive index of the lens and the position of the lens surfaces change with age Parameters are the weighted mean, standard deviation, standard error of the mean and the number of measurements (n) of the change per diopter accommodation. The change in the anterior chamber depth with accommodation is age-dependent. 
et al., 2001
). The method of correcting the Scheimpflug images has been validated in earlier studies , which made it clear that Scheimpflug imaging, as long as the images are corrected for both types of distortion, is a suitable method for measuring the shape of the lens during accommodation and aging. These earlier studies also made it clear that the shape of the unaccommodated aging lens showed a large inter-individual variation.
The same applies to the change in shape during accommodation, indicating the necessity of measuring large groups of subjects in order to be able to ascertain any age-related trends.
Sources of errors
Phenylephrine was used to dilate the pupil in order to enable Scheimpflug imaging of the lens. It has been found that this sympathicomimetic drug reduces the amplitude of accommodation on average by 0.5-2.0 D by increasing near point distance, but leaving the far point the same (Garner, Brown, Baker, & Colgan, 1983; Gimpel, Doughty, & Lyle, 1994; Zetterstrom, 1987) . In addition, it has been shown that accommodative changes under sympathetic influence are relatively slow, of the order of 20 and 40 s (Gilmartin, Bullimore, Rosenfield, Winn, & Owen, 1992) . These findings have led to the conclusion that sympathetic inhibition of accommodation is slow, small and dependent on the concurrent level of parasympathetic innervation (Gilmartin, 1986 ). This excludes a significant role during accommodative changes, and it can thus be assumed that phenylephrine does not cause accommodation to occur in a qualitatively different way.
The maximal corneal astigmatism among the subjects was 1.5 D. The shape of the vertical meridian of the cornea that appeared on the Scheimpflug image was used to correct the image, assuming the cornea to be rotationally symmetric, which is not correct in the case of astigmatism. Yet, this difference in radii of the different meridians of the cornea only causes small errors in the measurement of the lens radii, and the lens thickness. These errors will generally not exceed 45 lm for the anterior lens radius, 30 lm for the posterior lens radius and 40 lm for the lens thickness and the anterior chamber depth. Moreover, the effect of these errors on the determination of the accommodative changes in the radius and lens thickness per diopter is largely cancelled out, because the corneal astigmatism does not change during accommodation.
The study population was not restricted to emmetropes, which might induce errors if the accommodative changes are dependent on refractive error. Nevertheless, no significant correlation between the accommodative changes and the refractive error could be determined. Furthermore, no significant correlation was found between the refractive error and the shape of the unaccommodated lens. This latter finding is consistent with the results reported by Goss, Van Veen, Rainey, and Feng (1997) , who measured the ocular components of 176 young adults by means of keratometry, phakometry and ultrasonography.
The accommodative state of the eye at which each Scheimpflug image was taken, was not measured objectively, but it was assumed that the accommodative response in the right eye was equal to the accommodative stimulus placed before the left eye as long as the subject said that the stimulus remained in focus. According to the studies of Koretz et al. (1989) and Garner and Yap (1997) , this seems a valid assumption. In both studies, the accommodative response of the right eye was measured objectively with a refractometer using the same accommodative stimuli, which were used during their Scheimpflug and phakometry measurements. The results of the two studies showed that the accommodative response of the right eye equaled the accommodative demand induced by the negative lenses placed before the left eye (except for the zero accommodation stimulus in the measurement of Garner & Yap, 1997) . Thus, the accommodative response gradient, i.e. the slope of the accommodative response as function of the accommodative stimulus was close to one. However, it has been reported that for a zero accommodation stimulus, the accommodation is not completely relaxed leading to accommodative lead, while for higher accommodation levels, the accommodative response is lower than the accommodative stimulus leading to accommodative lag (Abbott, Schmid, & Strang, 1998; Goss & Zhai, 1994) . Mean accommodative response gradient appeared to be %0.85 for emmetropes and stable myopes. On average, according to Abbott et al. (1998) , there could be an over-accommodation of about 0.35 D for the 0 D stimulus and an under-accommodation smaller than 0.3 D for higher accommodation levels in the range from 1 D to 4 D. The implications for the results of the present study would be that the absolute change in shape of the lens per diopter would be underestimated, because the slopes of the regression lines in Figs. 3,4,10 and 11 would actually be steeper. It would also influence our finding of the increase of the equivalent refractive index of 0.0013 per diopter, which could have been needed to compensate for an inadequate accommodative response. Error analysis made clear that with an accommodative response gradient of 0.9 and 0.8, there still would be an increase of the equivalent refractive index of 0.0008/D and 0.00035/D, respectively. With an accommodative response gradient of 0.73, the increase of the refractive index is no longer needed. As this 0.73 is lower than the average value of 0.85 found the literature, it is highly probable that the increase of the equivalent refractive index with accommodation is a real phenomenon, although it might be smaller than the value of 0.00013/D due to an inadequate accommodation response. An accommodative gradient response of 0.85 would yield a value of approximately 0.00006/D.
The change in curvature of the anterior and posterior lens surfaces
Comparison of the results of the present study with those of earlier studies that measured the change in radius per diopter is difficult. Brown (1973) and Fincham (1937) only measured four and two subjects, respectively. Koretz et al. (2002) measured a large group of subjects, but did not correct their images for corneal and lenticular refraction, which produced significantly different results. For a subject at the age of 30, Koretz et al. (2002) found a mean change of the radius of the anterior and posterior lens surface per diopter of À0.33 mm/D and À0.15 mm/D, respectively. We found a value of À0.62 mm/D and À0.13 mm/D. Garner and Yap (1997) measured the change in radius by means of phakometry, a method that takes into account the refraction of the cornea and lens. Their results closely correspond with the findings in the present study with regard to the change in radius per diopter. For the change in the radius of the anterior lens surface, they found a value of À0.62 mm/D, compared to À0.61 mm/ D. They found a slightly larger change in the radius of the posterior lens surface: 0.17 mm/D, compared to 0.13 mm/D.
The change in the radius per diopter of the anterior lens surface was 4.7 times greater than that of the posterior lens surface. Furthermore, the change in radius/D for both surfaces appeared to depend on the shape of the lens in the unaccommodated state: the more convex both surfaces of the unaccommodated lens, the smaller the changes in radii/diopter. No age-dependency for these parameters could be determined, although it could be expected because the unaccommodated lens becomes more convex with age. This can be explained by the fact that the unaccommodated radii of both lens surfaces demonstrate considerable inter-subject variability, which is rather large in comparison with the agedependent decrease in the radii. Because of this variation in the shape of the unaccommodated lens, it is therefore better to investigate the change in curvature of the lens surfaces. The curvature is one divided by the radius, and this parameter is proportional to the power of the surface. It appeared that the change in curvature per diopter of both the anterior and posterior lens surface was independent of age and did also not depend on the shape of the unaccommodated lens. The change in curvature per diopter of the anterior lens surface was only 1.8 times greater than the change in the posterior lens surface. This implies that accommodative power changes due to the more convex shape of the lens are caused for approximately 64% by the anterior lens surface and for 36% by the posterior lens surface, which is consistent with the results reported by Garner and Yap (1997) .
From the accommodation responses of each subject, it was possible to determine the radii of the in vivo maximally accommodated lens and to compare these to the radii of isolated lenses measured in vitro. It is generally assumed that, according to the accommodation theory of Helmholtz, the tension of the zonulae is minimal during maximal accommodation. At that time, the shape of the lens would be the same as that of the isolated lens from which the ciliary muscle and the zonulae have been removed. The present study provides experimental evidence for this hypothesis, as the radii of the maximally accommodated lens in vivo appeared to correspond well with the radii measured in vitro by Howcroft and Parker (1977) and Glasser and Campbell (1999) . Thus after removal of the zonulae and ciliary muscle, the isolated lens seems to be in the maximally accommodated state. The values reported by Glasser and Campbell are slightly lower than the present findings and those of Howcroft and Parker. This might be explained by the fact that they measured a different aperture. They fitted a parabolic curve (k = 0) through the lens surfaces and determined the radius for the central 1.0 mm zone of the lens, while in the Howcroft and Parker study and the present study a spherical fit (k = 1) was performed through the approximately 5 and 3 mm zone, respectively. Because the radius of the lens surface becomes larger towards the periphery, fitting only the central zone of the lens could produce substantially smaller radii. Howcroft and Parker also determined the radius at the vertex, and those results were essentially identical to the results of Glasser and Campbell.
The change in the conic constant of the anterior lens surface during accommodation
Ocular surface asphericities contribute to the aberrations of the human eye. Except for data on the asphericity of the anterior corneal surface, there was a lack of reliable data on the asphericity of the other refracting surfaces (Smith & Atchison, 2001) . In a former study, the asphericity of the surfaces of the unaccommodated lens was measured . It appeared that there was a large variation in lens shape, but that on average the k-values of the anterior and posterior lens surfaces were À4 and À3, respectively, indicating that the surfaces were hyperbolic. This is thus in agreement with what could be expected because of the negative spherical aberration of the lens (Smith & Atchison, 2001) .
In the present study, the change in the asphericity of the lens surfaces during accommodation was measured. The results showed a large variation, but a significant decrease in the conic constant of the anterior lens surface during accommodation could be demonstrated. The accommodative decrease of the k-value is in agreement with the results of studies measuring the spherical aberration of the total eye with accommodation, which was found to decrease with accommodation (Collins, Wildsoet, & Atchison, 1995; He, Burns, & Marcos, 2000; Koomen, Tousey, & Scolinik, 1949) . Nevertheless, changes in the posterior lens surface and the gradient refractive index structure of the lens could also contribute to the accommodative reduction of the spherical aberration. It was, however, not possible to measure a significant change in the asphericity of the posterior lens surface, for the reasons given earlier.
Changes in the intraocular distances during accommodation
In the present study the mean value for the change in anterior chamber depth for a 25 year-old subject was found to be approximately À38 lm/D, which is in agreement with the results of other studies (Beauchamp & Mitchell, 1985 The change in lens thickness per diopter and the allied problem of the movement of the posterior position during accommodation has been measured in several studies. The present study found a mean change in lens thickness (±s.d.) of 45 (±12) lm/D, and the large standard deviation indicates the large inter-individual variation. These findings are consistent with the results of the echographic studies (Beauchamp & Mitchell, 1985: 53 lm/D; Coleman, 1970: 62lm/D; Garner & Yap, 1997: 40lm/D; Storey & Rabie, 1983: 54lm/D) . Using continuous ultrasonic biometry (CUB), Van der Heijde, Dubbelman, and Beers (1999) found for 19 subjects that on average the lens thickness increases around 56 lm/D between 0 and 4 D. This method has a precision better than 2 lm, which even makes it possible to measure the small pulsations of the retina dynamically (Van der Heijde, Beers, & Dubbelman, 1996) . Shum et al. (1993) measured a mean value of 59 lm/D for the far range (0-3 D) and a significantly smaller value of 38 lm/D for the near range (3-8 D) , but the results of this study have been questioned (Whitmore, 1993) . In the present study, it was not found that the change in lens thickness per diopter decreases as the accommodation level increases.
The movement of the posterior lens surface during accommodation has been disputed. It has been stated that the posterior lens surface would remain fixed, whereas the anterior lens surface would move forward with accommodation (Moses, 1981) . In the present study, however, it was found that on average the posterior lens surface moves significantly backwards during accommodation (mean (±s.d.): 7.5 (±14) lm/D). Thus, the amount of forward movement of the anterior lens surface is, on average, five times greater than the amount of backward movement of the posterior lens surface, but there is a large variation in this parameter, as the standard deviation indicates. Coleman (1970) found that the posterior lens surface generally moved backwards, but in nearly 20% of the cases, it moved forward. Garner and Yap (1997) and Shum et al. (1993) measured a backward movement of the lens of approximately 7 and 20 lm/D, respectively. Drexler, Baumgartner, Findl, Hitzenberger, and Fercher (1997) used partial coherence interferometry to measure the eyes of five subjects, and found that during accommodation the forward movement of the anterior lens surfaces was approximately three times greater than the backward movement of the posterior lens surface. Using CUB, Beers and Van der Heijde (1997) found that the difference between the amount of anterior and posterior lens surface movements per diopter becomes less in the near range. In the far range, the forward movement of the anterior lens surface per diopter was four times greater than the backward movement of the posterior lens surface. In the near range, it was only twice as great. In any case, the statement that it is the anterior lens surface which moves forward while the posterior lens surface remains stationary is, in general, not correct.
The increase in the equivalent refractive index during accommodation
Garner and Smith (1997) measured possible changes in the equivalent refractive index of the lens of 11 subjects during accommodation. They used keratometry and A-scan ultrasonography, but could not determine a significant change in the equivalent refractive index at different levels of accommodation. In the present study, however, a significant increase in the equivalent refractive index during accommodation of approximately 0.0013/D was measured. To put this change into perspective, there is an age-dependent decrease in the equivalent refractive index of almost 0.018 between 20 and 65 years of age . It seems unlikely that this increase can be fully explained by an inadequate accommodative response as has been explained in 4.1.
An increase in the equivalent refractive index with accommodation can be explained by variation of the refractive index distribution within the lens. It is generally assumed that the lens has a gradient refractive index (GRIN) structure with a maximum in the center and a minimum in the periphery of the lens (Atchison & Smith, 2000; Campbell, 1984; Pierscionek, 1997) . Gullstrand (1911) emphasized that during accommodation, not only the shape and position of the anterior and posterior lens surfaces change, but also the iso-indicial surfaces within the lens, resulting in a change in the GRINstructure of the lens. This process, which he called the intracapsular mechanism of accommodation, would consequently produce an increase in the equivalent refractive index during accommodation. For his widely used GullstrandÕs Ôexact schematic eye (No.1)Õ, he assumed an increase in the equivalent refractive index of the lens of 0.0015 per diopter. Also, according to the Le Grand full theoretical eye, which was based on the measurements of Fincham (1937) , there would be an increase of 0.001 per diopter (Le Grand & El Hage, 1980) . The results of the present study therefore provide an experimental validation of the assumption made by Gullstrand that the increase in power of the lens needed for accommodation does not result from changes in lens thickness and surface curvature alone, but also from the variation in refractive index within the lens. Nevertheless, additional research in which also the accommodative state is measured objectively must provide decisive information on the existence and size of this intracapsular mechanism of accommodation.
Summary
1. With accommodation, there is a highly significant decrease in both the anterior and posterior radius of the lens. The posterior lens surface makes a considerable contribution to the overall increase in lens power during accommodation. 2. During accommodation, the anterior lens surface becomes significantly more hyperbolic, which is consistent with the decrease in the spherical aberration with accommodation reported in other studies. 3. The increase in lens thickness with accommodation is generally greater than the decrease in anterior chamber depth, indicating that the posterior lens surface does not remain stationary, but moves backwards with accommodation. 4. An increase was observed in the equivalent refractive index with accommodation, which can be explained by GullstrandÕs intracapsular mechanism of accommodation.
Appendix B. Correction of the Scheimpflug image Richards et al. (1988) , Kampfer et al. (1989) and Lapuerta and Schein (1994) performed Scheimpflug photography using the Topcon SL-45 camera and corrected their images for the distortion due to the geometry of the Scheimpflug camera (type 1) and the distortion due to the refraction of the cornea and lens (type 2). Fig.  14 shows the second type of distortion. Due to the refraction of the cornea, rays leaving point A of the anterior surface of the lens seem to come from A 0 . The rays leaving point P have been refracted by the cornea and the lens itself and seem to come from P 0 . As a result, each ocular surface, except the anterior surface of the cornea, depends on the surfaces preceding the particular surface.
Correction for both types of distortion was simultaneously made by considering the CCD-chip as the image plane of the camera, while the slit beam sectioning the anterior eye segment was regarded as the object plane.
After determination of the intraocular surfaces on the Scheimpflug image, the anterior surface of the cornea was traced back from the image plane, through the nodal point of the camera, to the object plane in order to obtain its real coordinates (an example for one point is given by the dotted line in Fig. 15) . A conic of revolution was fitted to the anterior corneal surface. Then, assuming that the anterior corneal surface is rotationally symmetric, the posterior corneal surface was also traced from the image plane through the nodal point of the camera and the (aspheric) anterior corneal surface to Table 2 Example of the dependency of lens thickness (d3) and posterior lens radius (R4) on the equivalent refractive index (n3), which is used to correct the Scheimpflug images n3 d3 (mm) R4 (mm) Fig. 14. Schematic drawing of the second type of distortion due to the refraction at the various intraocular surfaces. Rays from A and P seems to come from A 0 and P 0 , respectively. the object plane in order to obtain its coordinates in the object plane. Also a conic of revolution was fitted to the posterior corneal surface and subsequently, the same procedure was applied to the anterior surface of the lens, which was traced through the nodal point of the camera and the anterior and posterior corneal surface. Finally, the posterior surface of the lens was traced through the nodal point of the camera, the cornea and the anterior lens surface. It must be noted that in the Nidek Eas-1000 Scheimpflug camera an anamorphic lens has been placed between the lens and image plane in order to reduce the distortion of the image due to the tilt of the object and lens plane. This lens magnifies the image only in the y direction by a factor ffiffi ffi 2 p . For 102 subjects between 16 and 65 years of age , the influence of the two types of distortion was investigated for the Nidek Eas-1000. Table 3 shows the mean relative error for the anterior and posterior corneal radius (R1, R2), the anterior and posterior radius of the lens (R3, R4), corneal thickness (d1), anterior chamber depth (d2) and lens thickness (d3). The total distortion has been separated into the distortion of type 1 and type 2. It can be seen that if only correction for the distortion of type 1 is applied, the posterior lens radius (R4) appears 50% too large on the image. Lens thickness seems about 5% too large and this error is significantly age-dependent (2% at age 20, 8% at age 60). The anterior chamber depth is about 21% deeper than it seems to be and this agrees with the empirical factor of 0.7 mm, which Brown (1973) and Koretz et al. (1989 Koretz et al. ( , 1997 Koretz et al. ( , 2002 added to their measurement of anterior chamber depth in order to correct for the refraction of the cornea. Table 3 The average relative distortion due to the tilt of the object and lens plane (type 1), the refraction of cornea and lens (type 2) and the total distortion for the radii of the cornea and lens and the intraocular distances 
